This study evaluated the hypothesis that untreated and irradiated grapefruit as well as the isolated citrus compounds naringin and limonin would protect against azoxymethane (AOM) induced aberrant crypt foci (ACF) by suppressing proliferation and elevating apoptosis through anti-inflammatory activities. Male Sprague Dawley rats (n = 100) were provided one of five diets: control (without added grapefruit components), untreated or irradiated (300 Gy, 137 Cs) grapefruit pulp powder (13.7 g/kg), naringin (200 mg/kg) or limonin (200 mg/kg). Rats were injected with saline or AOM (15 mg/kg) during the 3 rd and 4 th wk and colons were resected (6 wk post 2 nd injection) for evaluation of ACF, proliferation, apoptosis, and COX-2 and iNOS protein levels. Experimental diets had no effect on the variables measured in saline injected rats.
Introduction
Evidence from epidemiological studies suggest that diets rich in fruits and vegetables are protective against a number of different cancers, including colon cancer [1] . Mortality due to non-hereditary colon cancer appears to be reduced with appropriate changes in diet and modifiable non-dietary factors, such as smoking [2] . Despite a few recent publications that suggest little protection against cancer with fruit and vegetable consumption [3, 4] , well-designed experiments with animal models demonstrate a protective effect of fruits and vegetables on colon cancer development.
Aberrant crypt foci (ACF), a surrogate biomarker for colon cancer induction by a colon specific carcinogen, azoxymethane (AOM), was reduced in rats consuming freeze dried vegetables (peas, spinach, sprouts and broccoli) [5] . Additional studies have reported the chemoprotective effects of tomato and onion on ACF formation in AOM-induced colon cancer [6, 7] .
Grapefruit are a rich source of bioactive compounds, which may serve as cancer chemopreventive agents [8] . The red-fleshed varieties (e.g., Rio Red) contain flavonoids, limonoids and their glucosides, vitamin C, folic acid, carotenoids (e.g., lycopene and betacarotene), coumarin-related compounds (e.g., auraptene), soluble fiber and potassium. Limonin and obacunone isolated from grapefruit have been reported to reduce the incidence of colonic adenocarcinomas induced by AOM in male F344 rats [9] . Part of the protection against colon 
Materials and methods

Animals, diets and study design
The animal use protocol was approved by the University Laboratory Animal Care Committee of Texas A&M University and conformed to NIH guidelines. This experiment utilized a 5X2 factorial design comprised of five diets (Table I) Twenty one day-old rats were acclimated for 4 d prior to receiving the defined diets for 10 wk.
Rats were stratified by body weight so that mean initial body weight was similar among the treatment groups (n = 10 rats/group). Tables indicate that 100 g of peeled grapefruit contains 47 kcal). We determined that 100 g of fresh grapefruit results in 12.5 g of dry matter.
Therefore, when we calculated the diet compositions, the removal of dextrose (54 kcal) was approximately equal to the energy contained in the grapefruit pulp (51.5 kcal). The levels of flavonoids, limonoids, carotenoids, and terpenoids in freeze dried untreated and irradiated grapefruits have been previously reported [26] .
The untreated freeze dried grapefruit pulp powder (13.5 g/kg) was incorporated into a modified AIN-76A diet to achieve a naringin concentration in the diet of 200 mg/kg. To evaluate the effect of proposed quarantine doses of irradiation (300 Gy, 137 Cs, Husman model 521A, Isomedix, Inc., Whippany, NJ) for grapefruit, another diet was prepared by adding the same amount (13.5 g/kg) of irradiated freeze dried grapefruit pulp powder. Purified naringin or limonin (200 mg/kg) was added to the remaining two diets. Grapefruit pulps or isolated compounds were added to the diet at the expense of dextrose. The amount of isolated pectin added to the diets was reduced for the grapefruit pulp diets so that all diets contained the same amount of pectin. Diets were stored at -20 o C through the experimental period. Rats received fresh food every day and drinking water was provided ad libitum. Animals were injected with AOM (15 mg/kg body weight), a colon carcinogen, or saline, 3 wk after starting the experimental diets. One week after the first injection, a second AOM or saline injection was given to the rats.
For each animal, 48 h diet intakes and body weights were recorded before the injections and at termination.
Tissue sample collection
Rats were euthanized 10 wk after starting the diets using CO 2 and the colons were removed and cleaned with RNase free PBS. One centimeter sections of the most proximal and distal portions of the colon were fixed in 4% paraformaldehyde (PFA) or 70% ethanol. The remaining midsection of the colon was cut open vertically; one half was used for the ACF assay and the other half was used for protein isolation.
Aberrant crypt foci assay
Aberrant crypt foci (ACF) represent a cluster of morphologically altered crypts in AOMinjected rodent [27] and human colons [28] . Half of the colon mid-section to be used for determination of ACF was placed in a folded piece of Whatman #1 filter paper and fixed in 70% ethanol for 24 h. Fixed colons were dipped in a 0.5% solution of methylene blue in distilled water for 45 s and placed on a microscope slide with the mucosal surface up.
Aberrant crypts were easily detected using a light microscope at 40X magnification, as they were visibly enlarged and had increased pericryptal area, and thicker epithelial lining compared to surrounding crypts [27, 29] . The number of aberrant crypts (AC) and high multiplicity ACF (ACF consisting of four or more AC; HMACF) were recorded.
Immunohistopathological analyses for PCNA
Cell proliferation was measured using the methods described by Zheng et al. 
Apoptosis assay
The TUNEL procedure was performed to determine the effect of diet on apoptosis [31] .
Colon tissue sections were pretreated with proteinase K (Ambion, Austin, TX) for 3 min at 37 
Quantification of iNOS and COX-2 by immunoblot
Protein was extracted from rat colon mucosa as described previously 
Statistical analysis
Effect of GFPP, IGFPP, naringin and limonin supplemented diets on ACF development were evaluated using the GLM and MIXED procedures in SAS (SAS Institute Inc., Cary, NC). Data on apoptosis, COX-2, iNOS, proliferative index and extent of proliferative zone were analyzed using the same statistical procedures.
Results
General observations
Naringin concentration in untreated grapefruit, irradiated grapefruit, and naringin diets was 196, 192, and 196 mg/kg, respectively. Limonin content in the limonin diet was 194 mg/kg.
Limonin content in the untreated and irradiated grapefruit diets were 14.7 mg/kg and 12.5 mg/kg, respectively. Food intake (17 ± 0.43 g/d) and body weight gain (311 ± 7.5 g; over a 10 wk period) did not differ among the groups suggesting the experimental diets were well tolerated and supported normal growth in rats.
Aberrant crypt foci (ACF)
Saline injected rats showed no microscopically observable changes in colonic morphology.
Experimental diets reduced the total number of AC (P ≤ 0.02) and HMACF (P ≤ 0.01) compared to the control diet (Table II) . However, only the untreated grapefruit and limonin diets lowered (P ≤ 0.04) HMACF per cm of colon compared to the control diet.
Proliferation
Proliferative index was significantly (P ≤ 0.005) higher in AOM injected rats receiving the control diet, compared to the saline injected rats ( Figure 2 ). All the experimental diets reduced (P ≤ 0.02) the proliferative index in AOM-injected animals to levels similar to those in the saline injected rats. The proliferative zone was (P ≤ 0.008) larger in AOM-injected rats consuming the control diet, compared to those in the saline-injected rats ( Figure 3 ). Only diets containing untreated grapefruit and limonin prevented (P ≤ 0.03) the AOM induced expansion (P ≤ 0.008) of the proliferative zone that occurred with the control diet. Proliferative index and proliferative zone were not different among diet groups in saline injected rats.
Apoptosis
The experimental diets did not influence apoptotic index of saline injected rats ( Figure 4 ).
However, all the experimental diets increased (P ≤ 0.02) apoptotic index, compared to the control diet, in AOM-injected rats. Apoptotic index in AOM injected rats consuming untreated grapefruit, naringin, and limonin diets were (P ≤ 0.01) greater than that of saline-injected rats consuming those diets.
COX-2 and iNOS
COX-2 and iNOS were not influenced by experimental diets in saline injected rats ( Figure 5 & 6). COX-2 was elevated (P ≤ 0.003) in AOM vs saline-injected rats consuming the control diet. Similar elevations in COX-2 levels were not observed in AOM-injected rats consuming natural grapefruit and limonin diets. The elevation in iNOS levels observed in AOM-injected rats receiving the control diet was not seen with rats on experimental diets (P ≤ 0.003). Levels of iNOS in AOM-injected rats consuming the control, untreated and irradiated grapefruit diets were greater (P ≤ 0.045) than that of saline injected rats consuming those diets.
Discussion
This study was designed to determine whether grapefruit and isolated grapefruit compounds It is essential that potential chemoprotective agents are safe because long term oral administration of these compounds is needed for future human clinical trials.
Results from this study demonstrate that saline rats on experimental diets were essentially "normal" because no alternations were observed in proliferation, apoptosis, iNOS and COX-2 levels. Therefore, the experimental diets had no apparent influence on the normal regulation of the pathways involved in controlling the above variables. Overall, untreated and irradiated grapefruit, and relatively high levels of naringin and limonin had no effect on normal colon epithelia physiology.
Moreover, experimental diets did not adversely affect body weight gain and food intake.
Previous studies also indicated that limonin at 200 or 500 mg/kg was well tolerated and supported normal growth in Fisher rats and had no negative effect on weight gain and food intake [9] . In another study, dietary administration of naringin up to 1250 mg/kg was well tolerated in male Sprague Dawley rats [33] . These data suggest ingestion of these levels of grapefruit-derived compounds should not have deleterious effects on normal tissues.
Carcinogen injection led to formation of aberrant crypts (AC), high multiplicity aberrant crypt foci (HMACF; consisting of four or more AC), increased proliferation, decreased apoptosis (n.s.)
and, elevated iNOS and COX-2 levels in rats provided with the control diet. These results are in agreement with previous reports [15,27,34]. All experimental diets suppressed AC and HMACF formation to levels that were 59-63% and 35-48% of the control diet, respectively. Untreated grapefruit and limonin suppressed (P ≤ 0.04) HMACF/cm to 46-40% of the levels in rats receiving the control diet, whereas irradiated grapefruit and naringin caused only a non- Lower levels of COX-2 and iNOS in rats provided with untreated grapefruit and limonin were associated with suppression of proliferation and up-regulation of apoptosis, which may have contributed to a decrease in the number of HMACF, a putative biomarker for colon cancer.
However, the chemo-protective ability of irradiated grapefruit and naringin were not as pronounced as untreated grapefruit and limonin. Even though the concentration of naringin was similar (200 mg/kg) in both the naringin and untreated grapefruit diets, untreated grapefruit was more effective in suppressing HMACF/cm, proliferative zone, and enhancing apoptosis, which were associated with lower levels of COX-2.
The relative effectiveness of the isolated compounds and the grapefruit pulp can be attributed to a variety of factors. Limonin and untreated grapefruit were similar, yet the concentration of limonin used was approximately 10-15 times greater than that found in the grapefruit diets. This indicates that isolated limonin could be used as a supplement to attain some of the benefits of grapefruit for individuals not capable of consuming this quantity of intact fruit. Although naringin provides much of the benefits derived from grapefruit pulp, it is unlikely the sole factor in grapefruit that protects against colon cancer. Irradiation of grapefruit may have induced oxidative stress in the fruits which led to a negative influence on the "protective compounds", especially those involved in COX-2 suppression. A recent report suggests that proposed quarantine doses of radiation (300 Gy) reduces potent GST-inducing limonoids such as nomilin and limonin [26] . Moreover, pectin, a highly fermentable fiber which yields chemoprotective butyrate in the colon is very sensitive to radiation and quickly depolymerizes even at low doses of irradiation [64] .
Bioavailability of the phytochemicals in their active form is a function of their release from plant cells and subsequent metabolism or fermentation by colonic bacteria. Several studies have demonstrated that the concentration of bioactive plant compounds is higher in the colon compared to plasma after ingestion of food and beverages rich in these compounds [65] because their release from the plant cell can be limited until they reach the colon. Therefore, it is also possible that the bioactive compounds in grapefruit pulp, or their products from bacterial fermentation, may exert a positive effect upon release in the colon.
In conclusion, untreated and irradiated grapefruit or isolated naringin and limonin had protective effects against chemically induced colon carcinogenesis measured at the promotion stage. However, untreated grapefruit and limonin may serve as better chemopreventive agents compared to irradiated grapefruit and naringin. Results from these studies emphasize that it is important to document the effects of postharvest treatments, such as irradiation, on bioactive compounds of fruits and vegetables. In order to further elucidate whether the biological activities measured in this experiment are due to the parent compounds or the metabolites, it will be important to conduct thorough metabolic studies, as there is little information available in this area. Values are least square means (n = 10 rats/group).
Values in a column without the same superscript differ ab P ≤ 0.02; cd P ≤ 0.01; Each bar indicates the least square mean of 10 rats ± SEM. 
